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In-plane compressively strained α-Sn films have been theoretically predicted and experimentally proven to possess non-
trivial electronic states of a 3D topological Dirac semimetal. The robustness of these states typically strongly depends
on purity, homogeneity and stability of the grown material itself. By developing a reliable fabrication process, we were
able to grow pure strained α-Sn films on InSb(100), without heating of the substrate during growth, nor using any
dopants. The α-Sn films were grown by molecular beam epitaxy, followed by experimental verification of the achieved
chemical purity and structural properties of the film’s surface. Local insight into the surface morphology was provided
by scanning tunneling microscopy. We detected the existence of compressive strain using Mössbauer spectroscopy and
we observed a remarkable robustness of the grown samples against ambient conditions. The topological character of
the samples was confirmed by angle-resolved photoemission spectroscopy, revealing the Dirac cone of the topological
surface state. Scanning tunneling spectroscopy, moreover, allowed obtaining an improved insight into the electronic
structure of the 3D topological Dirac semimetal α-Sn above the Fermi level.
I. INTRODUCTION
α-Sn is a low-temperature phase of tin which in the bulk
state becomes stable below 13.2 ◦C. In contrast to its much
more commonly known metallic allotrope β -Sn, bulk α-Sn
is a semi-metal (zero band gap) with a pronounced cova-
lent character. This material has attracted the researchers’
attention since it has been theoretically predicted that α-Sn
is the only elemental strong 3D topological insulator (TI) if
subjected to uniaxial strain, which would open a bulk band-
gap1. Strain in α-Sn has been, to a certain extent, achieved
in α-Sn films, epitaxially grown on a substrate with appropri-
ate lattice mismatch (InSb, CdTe)2–4. Although the 2D elec-
tron gas behavior of the surface states of α-Sn films was de-
tected more than 30 years ago5, the topological character was
confirmed only recently in Te and/or Bi doped thin films by
angle-resolved photoemission spectroscopy (ARPES) mea-
surements, depicting the surface electronic properties below
the Fermi level6–10. ARPES revealed a topological Dirac cone
in the electronic band structure of doped α-Sn, locating the
Dirac point near the Fermi level. Interestingly, the most re-
cent studies emphasized that the type of strain in the case of
α-Sn is important: in-plane compressive strain turns it into a
TDS, while in-plane tensile strain transforms α-Sn it into a
TI8–13. Very recently, the signature of the topological charge
carriers has also been demonstrated in electronic magneto-
transport experiments through the analysis of Shubnikov-de
Haas oscillations14. These interesting findings make α-Sn
films useful for spintronics and put this TDS in the group of
materials which could become a building unit (qubit) of future
quantum computers.
The growth of α-Sn thin films is associated with difficul-
ties, since this allotrope of Sn is not stable in bulk at room
temperature. To stabilize it by inducing the epitaxial growth
of α-Sn, a suitable substrate with matching lattice constant is
needed (acting as a crystallization seed). InSb(100) provides
that matching and in addition introduces strain in the grown
α-Sn film. However, the use of InSb substrates brings along
challenges such as surface degradation (InSb is very volatile to
surface oxidation) and thermal instability (InSb decomposes
far below its melting point), complicating the preparation of
the substrate surface by annealing. These challenges can be,
to a certain extent, overcome by employing a procedure which
includes combined ion-beam sputtering and thermal annealing
in ultra-high vacuum (UHV)2,15. This procedure can lead to
the formation of In islands on the substrate surface, enhancing
the already known issue of In interdiffusion during deposition
of Sn on InSb(100) substrates that are only slightly heated16.
As a consequence, the surface analysis of α-Sn films shows a
substantial amount of In3,7,10. At this point there is a gap in
knowledge about the scale on which this affects the phase pu-
rity and consequentially, indirectly, the topological electronic
transport properties of the α-Sn films. Having this in mind,
the most favorable scenario is to avoid In and Sb interdiffu-
sion, while still achieving a good surface quality and with that
maintaining the topological properties of α-Sn.
As α-Sn crystallizes in the diamond structure, the dangling
sp3-bonds of the top most surface atomic layer of the (100)
planes are unsaturated, and they are pointing diagonally (ly-
ing in the (110) plane). Such bond orientation leads to the
formation of asymmetric dimers on the film surface, similar
to the cases of Si(100) and Ge(100)17–20. In previous works,
in order to avoid Sn dimer formation and thus enhance sur-
face quality of the grown films, elevated substrate temperature
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and/or doping with substantial amounts of Bi7,14 and Te6,10
were employed. The use of Bi and Te results in a disturbed
chemical purity of the Sn film surface and a modified surface
reconstruction. The influence that these impurities, combined
with In interdiffusion, have on the stability and the topologi-
cal electronic transport properties of α-Sn is for now difficult
to predict. Particularly intriguing can be the use of Te as a
surfactant for the α-Sn film growth, since the possible form-
ing of Sn1−xTex would make the surface very susceptible to
degradation21,22 and would result in a slight distortion of the
cubic crystal structure23,24. If 3D TDSs are to be used as a ro-
bust unit for quantum computing related applications ("chiral
qubits")25,26, growing a pure, continuous and homogeneous
α-Sn film surface is a priority.
Here we present the possibility of growing high-quality
films of the 3D TDS α-Sn in its full elemental form, show-
ing a great stability. A combined study of growth, structural
and electronic properties of α-Sn is presented. We demon-
strate the existence of strain with conversion electron Möss-
bauer spectroscopy (CEMS) and take a special closer look at
the local surface morphology of the α-Sn films with scanning
tunneling microscopy (STM). We report topological surface
electronic states in this type of samples using ARPES, and
also provide a unique insight into the surface electronic prop-
erties above the Fermi level using scanning tunneling spec-
troscopy (STS).
II. SAMPLE FABRICATION
Before the film growth, the high-quality single-crystal un-
doped (n-type) InSb(100) substrates (Wafer Technology Ltd.)
were cleaned and polished in UHV environment using a multi-
step process (see Supplementary Material). This included
several cycles of Ar+ ion-beam sputtering, using two en-
ergy modes in order to clean and achieve a gentle polish-
ing of the InSb(100) substrate surface. Every cycle of the
ion-beam sputtering is followed by a short multi-step ther-
mal annealing cycle. The preparation process was moni-
tored by Auger electron spectroscopy (AES), low-energy elec-
tron diffraction (LEED) and reflection high-energy electron
diffraction (RHEED). This multi-step preparation procedure
resulted in atomically flat and contamination free InSb(100)
surfaces, with maintained stoichiometry and the characteristic
c(8×2) surface reconstruction (see Supplementary Material).
This achievement was crucial for the subsequent successful
α-Sn films growth.
The α-Sn films were grown using molecular beam epi-
taxy (MBE), by evaporating Sn from a Knudsen cell onto a
InSb(100) substrate held at 5◦C. Some of the samples were
also grown on slightly heated substrates (30, 50 and 80◦C) for
the sake of comparison (see Supplementary Material). Ruther-
ford backscattering spectrometry (RBS) was used on calibra-
tion samples in order to precisely determine the Sn deposition
rate. In this way, a film thickness accuracy in the range of
±1 nm was achieved. Sn films of 10, 20 and 30 nm thick-
ness were successfully grown while being monitored using
RHEED. During the Sn deposition, RHEED oscillations were
recorded (Fig. 1(a)) and it was confirmed that the growth rate
(10 Å/min) is matching the targeted deposition rate.
III. RESULTS AND DISCUSSION
A. Chemical composition and surface structure
The chemical purity of the surface in the case of 20 and
30 nm thick Sn films grown at a substrate temperature of 5◦C
is confirmed by AES (Fig. 1(d)). The films are uniformly cov-
ered with Sn with no traces of other chemical elements, indi-
cating an excellent elemental purity of the Sn film surface.
The AES spectra of the thinner films (10 nm) show minor
traces of In, while in the cases where the InSb(100) substrate
was heated In and Sb were also detected by AES, regardless of
the thickness (see Supplementary Material). This implies that
a slight increase in the substrate temperature (around room
temperature) deteriorates the chemical homogeneity of the
surface. The X-ray photoelectron spectroscopy (XPS) spec-
tra of the grown films do show (see Supplementary Material)
a very small presence of In (< 2 % and < 1 % for 20 and 30 nm
thick Sn films, respectively), originating from the deeper lay-
ers of the sample, since the AES spectra show no traces of In
in these cases. This is only partially in agreement with previ-
ous reports about α-Sn/InSb pseudomorphic growth3,16. In-
dium interdiffusion is indeed enhanced if the temperature of
the substrate is elevated. However, contrary to these reports
we were able to observe "layer by layer" growth (Fig. 1(a))
without raising the temperature of the InSb(100) substrate,
and maintain the full elemental purity of the Sn film surface.
RHEED and LEED images (Fig. 1(b) and (c)) exhibit sharp
features of the two-domain (2× 1) surface reconstruction of
α-Sn.
The STM topography images (Fig. 2) acquired in situ
at room temperature show the same features for all α-Sn
samples grown at a substrate temperature of 5◦C. Uni-
form surfaces with sub-nanometer roughness were observed
(RMS500 ∼ 0.4 nm – root mean square roughness for a 500×
500 nm2 surface). The terraces of the substrate are covered
with evenly spread grains, still leaving the substrate steps vis-
ible in the overlay (Fig. 2(a)). The average lateral size of
the grains is 10− 20 nm. Linking this finding to the elec-
tron diffraction data, we confirm a high degree of crystallinity
of these grains which, combined with the low film roughness,
accounts for the acquired sharp RHEED and LEED patterns.
In contrast to the shown LEED, RHEED and STM data
(for non-heated substrates), the films grown on slightly heated
InSb(100) exhibited disturbed epitaxial growth (see Supple-
mentary Material).
Figure 3 presents the analysis of the CEMS data of a 20 nm
thick α-Sn film. The acquired spectra are almost completely
dominated by the α-Sn peak at 2.13(1) mm/s, considering
that the CEMS sensitivity for SnO2 (small peak observed at
0 mm/s) is approximately ten times larger compared to that
for α-Sn and β -Sn27. Importantly, the peak from β -Sn is com-
pletely absent (appearing at 2.64(1) mm/s for our Sn/SiO2/Si
reference samples (see Supplementary Material)). The Möss-
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bauer isomer shift (δ ) is defined in the hyperfine interactions
theory27 as a difference between the electron density values
near the nucleus of the absorber (sample), ∼ |ΨA(0)|2, and
the source of the probing γ-photon, ∼ |ΨS(0)|2, with
δ = constant×{|ΨA(0)|2−|ΨS(0)|2} . (1)
The significantly higher δ value for α-Sn in our samples,
compared to bulk samples27–31 and films32,33, implies an el-
evated 5s electron density value34,35 as this shift cannot be an
intrinsic effect of the Sn nucleus, but rather results from a dif-
ference in the electron density around it. Since we observed
only one crystallographic site of Sn, without any quadruple
splitting, and since the crystal structure of the grown α-Sn
films remains unchanged compared to bulk α-Sn, the exis-
tence of the compressive strain is confirmed36. This strain
indirectly diminishes the screening effect of the 5p electrons
towards the 5s electrons by enhancing the covalent nature of
the bonding in strained α-Sn.
Unfortunately, by using the CEMS technique alone, it is
not possible to estimate the magnitude of strain in this partic-
ular case. The energy resolution of Mössbauer spectroscopy
is, without doubt, astonishing (in the range of neV), but be-
ing a relative technique, to estimate the magnitude of strain
a comparative study involving X-ray diffraction spectroscopy
(XRD) and/or first-principles calculations is needed. Con-
clusion drawn from the CEMS data is in accordance with
the experimentally determined room temperature bulk lattice
parameter values for α-Sn and InSb reported in the litera-
ture (a> 6.489 Å for α-Sn37–39, and a6 6.479 Å in the case
of InSb40–43). Moreover, authors who have grown thicker
films were able to directly measure this difference in lattice
parameters2,44 again showing that the lattice parameter of the
room temperature α-Sn is indeed slightly bigger than in the
case of InSb. In order to estimate the magnitude of strain in
our samples, we have also performed XRD (θ -2θ ) measure-
ments. We have detected no lattice relaxation in the grown
α-Sn films (20 and 30 nm) and estimated the lattice parame-
ter of the prepared InSb substrate (after sputtering and anneal-
ing) to be 6.475 Å. Comparing this value with the value for
α-Sn 6.489 Å, we can conclude that the compressive strain of
∼ 0.22 % corresponds to the detected increase of the IS value
of 0.13 mm/s measured by CEMS.
Excellent crystallinity and phase purity of the α-Sn samples
in this study are crucial for the success of the further ex-situ
measurements (ARPES and STS). The robustness of the sam-
ples allowed using Ar+ sputtering to clean the surface before
these measurements. Even if the samples were kept under
normal ambient conditions for several weeks, it was still pos-
sible to remove contamination by low-energy Ar+ sputtering,
observing only Sn in the AES spectrum and fully recovering
the two-domain (2× 1) reconstruction of α-Sn, as reflected
by LEED and RHEED (see Supplementary Material). This
implies prominent stability and robustness of the sample sur-
face, which seemingly becomes passivated in air, not lead-
ing to further degradation of the grown film. Combined with
the previous reports on the enhanced temperature stability of
strained α-Sn films (up to 170◦C)2,45,46, our findings give this
material an additional application value. Having the reports
on the fragile air-stability of the more widely investigated 3D
topological materials Bi2Te347–49 and Bi2Se350,51 (caused by
adsorption of molecular species from ambient), this finding
could make α-Sn more favorable for applications.
B. Surface electronic structure
After growth, α-Sn film samples were exposed to ambi-
ent conditions and transferred to the ARPES setup of the
BaDElPh beamline52 at the Elettra synchrotron. Before the
measurement, the surface of the films was cleaned by Ar+
sputtering (500 eV). The conducted ARPES measurements on
20 nm thick α-Sn, grown at a substrate temperature of 5◦C,
depict the topologically protected surface electronic states,
forming a Dirac cone at the Γ point (Fig. 4(a)) as a con-
sequence of the lack of back-scattering of the topological
electronic charge carriers. This proves that topological sur-
face states are indeed an intrinsic property of pure elemental
α-Sn1, and can also be detected in samples grown without the
use of any Bi or Te dopants. The intensity of the background
overlay around the zero energy value (Fig. 4(a)) shows, as pre-
viously reported6,10, that the Γ+8 bulk energy band crosses the
Fermi level (EF ). By fitting the line profiles of the acquired
spectrum (Fig. 4(b)) we were able to estimate the position of
the Dirac point (ED) at ∼ 60 meV above EF (slight p-type be-
havior). From the fit of the slopes of the Dirac cone branches
we extracted Fermi velocity values (vF ) of 0.48(1)×106 m/s
(left) and 0.52(1)× 106 m/s (right). These vF values are
close to the theoretically predicted value for thick films of
elemental α-Sn (0.58× 106 m/s)53, but clearly reduced com-
pared to the previously reported values for Bi/Te doped α-Sn
(∼ 0.7× 106 m/s)7,10. This suggests that the effect of shift-
ing EF upwards in the case of Bi/Te doped α-Sn is actually
accompanied by a contraction of the Γ−7 energy band (which
hosts the Dirac cone), spanning, in that case, a smaller k-space
in the surface Brillouin zone. To precisely determine if this is
a direct effect of doping or rather an indirect effect induced by
the change of strain in the grown films, additional and more
detailed studies are needed.
As in the case of the ARPES experiments, the same type
of samples were, after growth, transferred in nitrogen atmo-
sphere to the low-temperature STM/STS setup (4.5 K). The
samples were carefully cleaned by Ar+ sputtering and a stable
tunneling current was achieved. The acquired STM topogra-
phy images (Fig. 4(d)) showed the same features as in the case
of our in situ STM measurements performed at room temper-
ature (Fig. 2). The measured differential tunneling conduc-
tance dI/dV (area averaged) on top of the α-Sn grains, shows
a p-type behavior (EF shifted towards the valence band) of
the grown film (Fig. 4(c)), while deviations from this trend
are noticed along the edges.
The STS technique, in contrast to ARPES, can also probe
the electronic states above the Fermi level. Hence it was pos-
sible to observe the existence of the surface state at the pos-
itive bias voltages in the acquired STS characteristics of our
α-Sn samples (Fig. 4(c)). Additionally, comparing the differ-
ential tunneling conductance (dI/dV ) spectrum with that of
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the ARPES, allows us to extract the topological surface state
Dirac point of the α-Sn film. The dI/dV spectrum, which
has been averaged over several α-Sn grains, reveals two min-
ima positions at the positive voltages, located at ∼ 70 meV
and ∼ 280 meV. Moreover, the dI/dV spectrum also reveals
that the Fermi level lies within the valence band, indicating
the p-type behavior of our α-Sn film akin to the ARPES ob-
servations. Comparing this to our ARPES data and having
the previous ARPES reports on α-Sn/InSb in mind6,7,9,10,14,54,
we anticipate the first dI/dV minimum (∼ 70 meV) to be
the Dirac point of the topological Dirac cone of α-Sn/InSb
that exists above EF in our films, and the second minimum
(∼ 280 meV) to be the bulk band edge contribution. On the
other hand, if we analyze the spectra as in the case of Bi2Se3
(a 3D TI with similar electronic properties around EF )55,56,
we are able to estimate ED using the global minimum of the
STS averaged spectrum (Fig. 4(c)) around 70 meV above EF ,
where the bulk valence bands start to dominate. Such an elec-
tronic behavior is consistent with our ARPES measurements
(the acquired ED values and the observations of the Γ+8 bulk
energy band crossing EF ). It is also noteworthy that if single-
point STS spectra are taken, the ED value fluctuates depending
on the acquisition position (within the range 50−100 meV
above EF ). This is, in general, an expected nature of the STS
spectra taken near the grain boundaries. Nevertheless, future
grain size and grain shape dependent studies may clarify this
electronic behavior.
Finally, we further comment on the observed p-type electri-
cal behavior in our ARPES and STS data (Fig. 4), which con-
firm the previous transport measurement reports2,14. Three
possible causes for this electrical behavior of α-Sn films
have been suggested2: thermal decomposition of the boron-
nitride in the walls of the Sn-source Knudsen cell, autodoping
through interdiffusion of the substrate elements, and a possi-
ble localized β -Sn nucleation. At this point we cannot ex-
clude the boron impurities scenario (small amounts of boron
are very difficult to detect by AES and XPS). It is also not
possible to fully exclude the influence of In, whose signal was
detected by XPS (absent in the AES spectrum). On the other
hand, since no presence of the β -Sn nucleation was detected
on the surface of our samples grown at a substrate tempera-
ture of 5◦C, the third scenario for explaining the origin of the
p-type behavior is unlikely.
IV. CONCLUSION
We successfully grew pure, strained 3D TDS α-Sn films on
InSb(100). To achieve this, two crucial steps were required:
modifying the substrate preparation procedure and lowering
the temperature of the substrate during the film growth. The
quality of the samples was examined using multiple comple-
mentary techniques, including STM, providing new insights
into the α-Sn surface morphology. For the first time we report
experimental evidence for the presence of compressive strain
in α-Sn films by Mössbauer spectroscopy. We observed an
excellent robustness of the film surface against ambient condi-
tions, which could be crucial for possible future applications.
We verified the existence of the topological electronic states in
α-Sn using ARPES, and we characterized its electronic prop-
erties both below and above the Fermi level, using the STS
technique.
V. EXPERIMENTAL METHODS
The MBE growth of the samples was performed by evapo-
rating Sn (deposition/growth rate ≈ 10 Å/min) from a Knud-
sen cell (1170◦C) in UHV (< 5×10−10 mbar).
AES was conducted using an 8 kV electron beam while
XPS was realized with the use of the Mg Kα X-rays (E =
1.254 keV).
RHEED and LEED images were recorded using an elec-
tron beam energy of 10 keV and 48 eV, respectively. Screen
voltage used for LEED measurements was 1 keV.
In situ room temperature STM was performed using an
Omicron Nanotechnology LS-STM setup (base pressure of
10−10 mbar).
The CEMS experiments were carried out at room tempera-
ture in a low-pressure acetone gas atmosphere, using a parallel
plate detector and a 119mSn/CaSnO3 source. The spectra were
analyzed relative to SnO2 using the "VindaD" package57.
XRD measurements were performed using an X’Pert
’PANalytical’ X-ray diffractometer using Cu Kα1 radiation
The ARPES experiments (21 eV, 77 K) were performed at
BaDElPh beamline52 at the Elettra synchrotron radiation fa-
cility in Trieste (Italy).
Ex situ STM and STS were performed using an Omicron
Nanotechnology LT setup operated at 4.5 K (base pressure
of 10−11 mbar). All of the STS dI/dV spectra were acquired
using a sample bias voltageU = 0.5 V and a tunneling current
I = 300 pA. The spectrum was averaged over 5 nm × 5 nm
areas on top of the α-Sn grains and averaged over 6 grains.
VI. SUPPLEMENTARY MATERIAL
See supplementary material for the detailed information
about the following: the InSb(100) substrate preparation pro-
cess, XPS, LEED, RHEED and STM investigations of the
α-Sn films grown on slightly heated InSb(100) substrates, the
CEMS data of β -Sn grown on SiO2/Si substrate and the Ar+
cleaning procedure for the α-Sn films grown at a substrate
temperature of 5◦C.
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FIG. 1. Growth data for a 20 nm thick α-Sn film grown at a substrate temperature of 5◦C. (a) RHEED oscillations (with high frequencies
filtered out); (b) RHEED (10 kV) image taken along the [110] direction, showing two-domain (2×1) pattern; (c) LEED (48 eV) image of
two-domain (2×1) pattern; (d) AES spectrum taken in situ after deposition, showing only the MNN spectral lines of Sn.
FIG. 2. STM (room temperature) topographic images of a 20 nm thick α-Sn film grown at a substrate temperature of 5◦C. (a) 500 nm ×
500 nm (U = 1.5 V, I = 100 pA); (b) 260 nm × 260 nm (U = 1.5 V, I = 140 pA); (c) Line profile along the green line in the panel (b).
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FIG. 3. CEMS (room temperature) spectrum of a 20 nm thick α-Sn
film grown at a substrate temperature of 5◦C. Experimental data
points (black dots) with the fit (thick orange line) are showing a dom-
inating Mössbauer peak of α-Sn (red) and a peak from SnO2 (green).
The added blue dashed line illustrates the position of the β -Sn peak
as observed in the test Sn film grown on a SiO2/Si substrate.
FIG. 4. ARPES and STS spectroscopy of a 20 nm thick α-Sn film grown at a substrate temperature of 5◦C. (a) ARPES (21 eV) spectrum
image measured at 77 K, along the Γ-X direction (originally acquired intensity plot); (b) ARPES image after subtraction of the background
intensity, together with the line-profile fit; (c) STS dI/dV spectrum (4.5 K) acquired on top of the Sn grains. The spectrum is area averaged
(5 nm × 5 nm blue squares) and averaged over 6 grains. ED marks the Dirac point position above the Fermi energy (EF ); (d) 100 nm× 100 nm
STM topographic image (U = 1 V, I = 100 pA) acquired at 4.5 K.
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I. InSb(100) SUBSTRATE PREPARATION AND
CHARACTERIZATION
As stated in the main text, an appropriate substrate is
needed to provide a seed for the growth of the alpha phase
of Sn. In this case an InSb(100) substrate is used, which has a
lattice constant of 6.479 Å. Comparing this value with the lat-
tice constant of α-Sn (6.489 Å), we can assume that 0.14 %
in-plane compressive strain is introduced in the α-Sn films
grown on InSb(100) substrates1–4.
InSb(100) substrates were cut to a size of approximately
7×7 mm2 and prepared in UHV environment by consecutive
cycles of Ar+ sputtering and thermal annealing. The use of
the low energy ion-beam mode (500 eV) allowed us to in-
crease the sputtering time and successfully remove C and O
contamination on top of the InSb(100), without introducing
any irreversible damage to its surface. The higher energy ion-
beam mode (1000 eV), used with the angle of incidence of
60◦, proved useful for the gentle polishing of the surface of the
substrate. Specially defined short multi-step thermal anneal-
ing procedure (up to 300◦C) was used after every Ar+ sputter-
ing treatment (500 eV or 1000 eV), in order to reconstruct the
surface of the substrate. Auger electron spectroscopy (AES)
was systematically used before and after these cycles to moni-
tor the chemical composition of the top layers of the substrate
(Fig. 1). AES scans after the preparation show a chemically
clean surface with the In/Sb stoichiometry maintained.
During and after the above described in situ cleaning pro-
cess, low-energy electron diffraction (LEED) and reflection
high-energy electron diffraction (RHEED) were employed to
monitor the surface reconstruction of the substrate. At the
end of the preparation process, sharp LEED and RHEED im-
ages were acquired (Fig. 2(f) and (g)) showing the c(8×2)
surface reconstruction of InSb(100). RHEED images revealed
good overall flatness of the InSb surface, showing streaky
patterns. In order to determine the surface roughness, scan-
ning tunneling microscopy (STM) was used. STM topography
images exhibit flat terraced (100) surfaces (Fig. 2(a) and (b))
with a step height value of ≈ 0.3 nm, matching the d100 of
InSb (Fig. 2(c)). The acquired atomic resolution STM images
(Fig. 2(d) and (e)) confirm the c(8×2) surface reconstruction.
II. X-RAY PHOTOEMISSION SPECTROSCOPY
OF THE α-Sn FILMS GROWN AT 5◦C SUBSTRATE
TEMPERATURE
To further investigate the subsurface chemical composi-
tion of the α-Sn samples grown at 5◦C substrate temperature,
X-ray photoemission spectroscopy (XPS) was used. Analysis
of the acquired XPS spectra (Fig. 3) shows a small presence
of In (< 3 %, < 2 % and < 1 % for 10, 20 and 30 nm thick Sn
films, respectively), estimated by comparing the intensities of
the 3d5/2 peaks5. Since in the case of 20 and 30 nm thick
films grown at 5◦C substrate temperature no traces of In were
detected by AES, we conclude that the XPS In signal must
come either from the subsurface layers of the film, the edges
of the sample or the substrate areas shaded by clips during Sn
deposition.
III. Sn FILMS GROWN ON SLIGHTLY HEATED
InSb(100) SUBSTRATES
Figure 4 presents a comparison of the acquired AES spec-
tra of the Sn samples grown at different temperatures of the
InSb(100) substrate. Differently from the samples grown at
a substrate temperature of 5◦C, where no In was detected by
AES, its presence was evident in the AES spectra of the Sn
samples grown at a substrate temperature of 30◦C, 50◦C and
80◦C. Interestingly, in the samples grown at 80◦C comparable
amounts of Sb were also detected, implying that above certain
temperatures infusion of Sb into the film occurs as well.
Figure 5(a) shows the room-temperature STM topography
images of a Sn film grown at a substrate temperature of 50◦C.
In contrast to the samples grown at a substrate temperature
of 5◦C (grain-structured surface with low roughness), the sur-
face morphology here exhibits many different features and an
enhanced surface roughness (RMS1000 ∼ 7.8 nm – root mean
square roughness taken over a 1000×1000 nm2 area), includ-
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ing the appearances of wide islands.
Observed LEED and RHEED patterns (Fig. 5(b) and (c))
appeared in this case are distorted, compared to the ones ac-
quired on the samples grow at 5◦C, making the full analysis of
the images very difficult. Unfortunately, one can only choose
to speculate that the acquired data is the consequence of the
evenly disturbed epitaxial growth and chemical purity of the
Sn film.
IV. MÖSSBAUER SPECTROSCOPY OF A REFERENCE
β -Sn FILM
Figure 6 presents the conversion electron Mössbauer spec-
troscopy (CEMS) spectrum of a reference polycrystalline
30 nm thick β -Sn film, grown on SiO2/Si substrate. The
acquired spectrum is dominated by the β -Sn peak at
2.64(1) mm/s, considering that the CEMS sensitivity for SnO2
(whose peak is observed at 0 mm/s) is approximately ten
times larger compared to that of β -Sn6. The peak from
α-Sn is completely absent in this case, as expected, since the
SiO2/Si substrate is not suitable for the growth of α-Sn.
V. CLEANING OF THE EXPOSED α-Sn BY ARGON
BEAM SPUTTERING
Now we present more details about the successful Ar+
beam cleaning (after being exposed to ambient conditions) of
the α-Sn films grown at a substrate temperature of 5◦C. This
cleaning procedure was done under UHV conditions prior to
the angle-resolved photoemission spectroscopy (ARPES) and
scanning tunneling spectroscopy (STS) measurements. By us-
ing the current of 6×10−2 µA/mm2 low-energy argon plasma
(500 eV) during 1h, we were able to completely clean the
20 and 30 nm α-Sn films which were previously kept under
ambient conditions for several weeks. Figure 7(a) shows the
comparison between the AES spectrum recorded before and
after the Ar+ beam treatment. The AES spectrum recorded af-
ter this cleaning process appears identical to the one acquired
just after the initial Sn film deposition.
Importantly, after this cleaning treatment we also observe
a complete recovery of the two-domain (2×1) surface recon-
struction of α-Sn (Fig. 7(b) and (c)), using electron diffrac-
tion (LEED and RHEED). These findings imply remarkable
stability and robustness of the sample surface against expo-
sure to ambient conditions and subsequent Ar+ sputtering.
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FIG. 1. AES spectrum of the InSb(100) substrate after preparation
(red), AES spectrum of the InSb(100) as received (black) given with
an offset.
FIG. 2. Surface structure and morphology of the prepared InSb(100) substrate. (a) 1000 nm × 1000 nm STM (room temperature) topography
image (U = 2 V, I = 100 pA); (b) 3D STM image (300 nm × 300 nm) of the step features (U = 1 V, I = 150 pA); (c) STM line profile
providing the step height, taken along the step shown in (b); (d) Atomic resolution FFT filtered STM image (10 nm × 10 nm, U =−1.5 V,
I = 70 pA); (e) FFT of the atomic resolution STM image; (f) and (g) show LEED (52 eV) image and RHEED (10 keV) image, respectively,
revealing the c(8×2) surface reconstruction.
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FIG. 3. (a) XPS (3d spectrum) of a 30 nm thick α-Sn film grown
at 5◦C substrate temperature; XPS signal from In (3d spectra) in the
cases of 10 nm (b) and 20 nm (c) thick α-Sn films.
FIG. 4. AES spectra of 30 nm thick α-Sn films grown at differ-
ent InSb(100) substrate temperatures; 5◦C (black), 30◦C (red), 50◦C
(blue) and 80◦C (green).
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FIG. 5. Room-temperature STM topography of a 30 nm thick α-Sn film grown on InSb(100) at a substrate temperature of 50◦C. (a) 1000 nm
× 1000 nm STM topography image (U =−2 V, I = 70 pA); (b) LEED (48 eV) and (c) RHEED (10 kV) image of a 30 nm thick α-Sn film
grown at 50◦C InSb(100) substrate temperature.
FIG. 6. CEMS (room temperature) spectrum of a 30 nm thick β -Sn
film grown on SiO2/Si substrate (at 5◦C temperature). Experimen-
tal data points (black dots) with the fit (thick black line) reflect the
presence of a dominating Mössbauer peak of β -Sn (blue) and a peak
from SnO2 (green).
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FIG. 7. 30 nm α-Sn film grown at a substrate temperature of 5◦C,
cleaned by Ar+ sputtering. (a) AES spectrum taken before (black)
and after cleaning (red); (b) LEED (48 eV) image acquired after
cleaning, showing two-domain (2×1) pattern; (c) RHEED (10 kV)
image after cleaning, acquired along the [110] direction, showing
two-domain (2×1) pattern.
